The accelerated carbonation process with CO 2 absorption to confirm the leaching behavior of Cr in municipal-solid-waste incinerator (MSWI) bottom ash was investigated. This investigation was performed by placing samples in a CO 2 chamber. Only the temperature of the chamber at atmospheric pressure was varied and the CO 2 concentration was kept constant at 30% while the water-to-solid ratio was held at 0.3 dm 3 /kg. The result of an XRD analysis indicated that CO 2 could combine with portlandite, ettringite and hydrocalumite to form mainly an amorphous Al-rich material and calcite. Comprehension of the Cr leaching behavior during the carbonation reaction was gained by understanding the results obtained in this study. The carbonation kinetics includes a two-step process with a phase-boundary chemical reaction and diffusion through the product layer. As the carbonation process proceeds, the rate-controlling step was switched from a chemical reaction to diffusion by means of product layer control. The experimental data showed that the increase in the reaction temperature increased the carbonation rate. The carbonation kinetics of two types of mechanisms for varying temperatures was analyzed and an equation fitted to the experimental data was formulated. The variations of the rate constant with the temperature obeyed the Arrhenius equation with activation energies of 13.82 and 21.98 kJ/mol. Approximately 34 g/kg CO 2 was sequestrated in MSWI bottom ash with a particle size of less than 0.15 mm after a carbonation time of 120 min.
Introduction
The volume of municipal solid waste in an incineration plant can be reduced by 8590% via an incineration process and various types of ash in the form of grey or black powdery substances are left behind in the incinerator. In South Korea, municipal-solid-waste incinerator (MSWI) ash has been generated in an amount of nearly 400 thousand tons and approximately 90% is bottom ash with the remaining 10% fly ash. Fly ash, containing a high concentration of heavy metals, is unstable environmentally, whereas bottom ash, which can be described as heterogeneous particles consisting of glass, magnetic and paramagnetic metals, minerals, synthetic and natural ceramics, and unburned materials, can be utilized as an aggregate substitute in the construction field. 1) Although the utilization of bottom ash can play an important role as a new resource, in South Korea, most of it is buried in landfills because it is not easy to treat chemically or physically. Therefore, many Korean researchers are beginning to take an interest in the utilization of MSWI bottom ash by chemical and physical methods, including magnetic and gravity separation, particle classification, washing with water, and a carbonation process. 2, 3) As such, the recycling of MSWI bottom ash is a topic of growing importance in the field of waste management in the world. However, for bottom ash to be recycled, the material must comply with strict regulations, including civil-technical and environmental requirements. For example, bottom ash is reused as an aggregate substitute, which is subject to strict requirements defined by each European country. It is also used in road construction, to replace natural gravel, as an aggregate for concrete and as a cement replacement, and is regulated because the leaching of heavy metals such as Cu, Pb, Zn and Cr is reported to exceed the local limits substantially.
46) Therefore, the appropriate management of MSWI bottom ash can lead to advanced means of obtaining chemical stabilization to maintain the contaminant release rates over time at the environmentally limited level. 7, 8) The most commonly used method to stabilize heavy metal leaching is a weathering process, including oxidation and carbonation reactions as well as the neutralization of the pH, dissolution and precipitation and sorption through storage in stockpiles open to the atmosphere for a period of 13 months. 9) This process has been recognized as having a significant effect on the leaching of heavy metals in alkaline materials such as MSWI bottom ash. An accelerated carbonation process is recognized as a weathering process. It involves the absorption of CO 2 with an alkaline material, which causes the pH to decrease and new compounds (such as calcite and an amorphous Al-rich material) to precipitate until the material is in equilibrium with CO 2 . During the carbonation of bottom ash, modified leaching behavior of heavy metal is obtained as a result of several interrelated processes, including hydrolysis, hydration, dissolution/precipitation, carbonation, oxidation/reduction, complexation, adsorption and the formation of adsorbent materials according to many studies.
1013)
Many researchers have considered Pb and Cu when studying the stabilization of MSWI bottom ash because the content levels and leaching concentrations of these materials are much higher than those of other heavy metals. However, this narrow view can be problem considering the environment overall. Chrome among heavy metals exists in MSWI bottom ash because Cr sources in MSW are the residues of glue, matches, machine oils, metal scrap and building materials. This material is usually encountered during the utilization of bottom ash in the Cr(III) or Cr(VI) states. These two states have different chemical, biological and environmental properties. Cr(III) is relatively insoluble and an essential micronutrient for humans and animals, whereas Cr(VI) is highly mobile and is considered acutely toxic and mutagenic for most organisms. 14) Due to the toxicity of Cr, its content released from bottom ash must not exceed defined limit values because doing so would run the risk that the secondary reactions can affect the leaching behavior of Cr in bottom ash during various environment changes. For example, during the weathering process, the Cr leaching concentration is gradually increasing during the initial carbonation reaction, making it difficult to fall to the limit value again. 13, 15) In addition, the carbon dioxide, which is one of the most significant of the greenhouse gases, in the atmosphere has increased and the governments in each country are committed to dissolving global warming caused by the build-up of anthropogenic carbon dioxide emission. To achieve CO 2 reduction effect, the MSWI bottom ash could be considered as an effective material with potential for CO 2 sequestration, as mentioned above. The aim of this research, therefore, was to study the accelerated carbonation process with MSWI bottom ash and CO 2 in an effort to investigate the leaching behavior of Cr at different pH, Cl, Ca and Al leaching concentration values and the degrees of carbonation related to the decomposition of portlandite, ettringite and hydrocalumite into gypsum, calcite and amorphous Al-material during the carbonation reaction. The experimental data were calculated to confirm the effect of the reaction temperature on the carbonation process. In addition, the sequestration percentage of CO 2 at different reaction temperatures was investigated, the carbonation kinetics was analyzed, and an equation fitted to the experimental data was formulated.
Experimental Methods

Materials
The municipal solid waste incinerator (MSWI) bottom ash samples used in this study were supplied by an incineration facility located in the metropolitan area of Kwang-Myeong in South Korea. The bottom ash, with about 60% of moisture after being quenched by a water-cooling process, was dried at 105°C for 24 h and was stored in a closed storage area to restrain the transformation reaction. Magnetic separation removed the iron from the dried bottom ash at a magnetic force of 0.38 T. Also, a size classification process was performed using stainless steel mesh screens (sieve) with openings of 4.75, 2.36, 1.18, 0.6, 0.3 and 0.15 mm; these particle size fractions were chosen because they are applicable to the pilot plant scale, in our laboratory. The chemical compounds of SiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, CaO, Na 2 O, K 2 O, P 2 O 5 and ZnO in the bottom ash for each size fraction studied were analyzed with an X-ray fluorescence spectrometer (Rigak TXRF 3726AI, Rigaku).
Leaching test
A leaching test procedure (the standard method of the Korean standard leaching procedure) was used to evaluate the release of Ca, Al, Cr and Cl and the pH; it was performed on untreated and carbonated bottom ash samples with different particle sizes at a liquid-to-solid ratio (L/S) of 10 : 1 with water adjusted by HCl (pH 5.86.3). The samples were rotated at 200 rpm for 6 h. After this leaching time, the samples were filtered from the solution on a 0.5 µm pore-size membrane using a pressure filtration unit. The Ca, Al, Cr and Cl concentrations and pH in the leachates were analyzed by inductively coupled plasma atomic emission spectrometry (OPTIMA 5300DV, Perkin Elmer), ion chromatography (ICS-1500, Dionex) and a pH electrode (SN5135011), respectively.
Accelerated carbonation
The bottom ash sample chosen for this study had a particle size of less than 0.15 mm. The carbonation experiments were performed in a CO 2 incubation chamber to keep the CO 2 -percentage at 30% and the temperatures at 20, 30 and 40°C during various carbonation time ranging from 0 to 240 min. To confirm the changes of the mineralogical phases of the bottom ash, the samples taken at different reaction times were measured using an X-ray diffractometer (PW3040/00, Philips), a scanning electron micrograph (JEOL) and by EDS analyses.
For confirm the amount of CO 2 sequestrated in MSWI bottom ash after carbonation reaction, the thermal behaviors (weight loss owing to CO 2 emission) of untreated (a) and carbonated (b) bottom samples ash were analyzed by thermo gravimetric/differential thermal analysis (TG/DTA, Shimadzu, DTG-60H). The TG was conducted from 25 to 1000°C at a heating rate of 10°C/min. The difference between (a) and (b) determined the amount of CO 2 sequestration.
Results and Discussions
Characteristics of MSWI bottom ash
The chemical composition of the MSWI bottom ash for each particle size fraction was measured to confirm the contributions of the main elements according to their relative abundance in each particle, as shown in Table 1 . Si, Ca and Al were the most abundant; the concentration of Si increased with an increase in the particle size owing to the increased amounts of glass and synthetic ceramics, whereas Ca and Al increased with a decrease in the particle size. The existence of Ca is related to the concentration of lime obtained from the burning of calcium materials at the combustion temperatures reached in the furnace. The water cooling process (cooling down the incinerated high-temperature bottom ash before it goes to the landfill) appears to control the formation of portlandite (Ca(OH) 2 ) and a considerable amount of calcite (CaCO 3 ) is formed by the carbonation reaction in air while in the landfill after the water cooling process, as follows:
In addition, ettringite (Ca 6 Al 2 (SO 4 ) 3 (OH) 12 ·26H 2 O) and hydrocalumite (Ca 2 Al(OH) 6 Cl·2H 2 O) are controlled by the water cooling process, as they are in an environmental condition in which they can be formed. Regarding the formation and properties of ettringite, a variety of pH intervals have been reported in the literature, where the stability domain for ettringite generally lies between 10.5 and 13.
1618) Its formation is generally favored over mono-sulfate at low temperatures, below 50°C according to the following equation: 19) 
In addition, in the case of hydrocalumite, it is synthesized in the CaAlCl system at 65°C and the pH is kept constant at over 11.5 according to the following equation:
XRD patterns of MSWI bottom ash obtained with different particle sizes are shown in Fig. 1 . The intensity of the diffraction peaks originating from the main crystalline phases of Ca and Al with hydrocalumite, calcite and small amounts of ettringite and portlandite with a low peak intensity increased with a decrease in the particle size. Friedel's salt, mentioned for the first time in 1897 by Friedel, who studied the reactivity of lime with aluminum chloride, is the common name of hydrocalumite. Soluble chloride with KCl and NaCl in bottom ash is removable via a washing process using water, whereas Friedel's salt exists as insoluble chloride, which is difficult to remove using water. Figure 2 provides evidence of the existence of hydrocalumite in bottom ash as a function of the particle size; increasing the particle size not only increases the soluble concentration of Cl, but the insoluble Cl also increases.
Next, the total concentration and leaching of Cr, the target metal in this study, for MSWI bottom ash as a function of the particle size were tested. Figure 3 shows that the total concentration of Cr increased with a decrease in the particle size to 0.6 mm and decreased between 0.6 and ¹0.15 mm; it is clear, that the measured shape of the total concentration curve is similar to the ª-form. In contrast, the leaching of Cr increased with a decrease in the particle size from 0.6 to ¹0.15 mm, indicating that changing the total concentration did not lead to increased leaching. All experiments on accelerated carbonation and investigations of the kinetics were carried out using ¹0.15 mm MSWI bottom ash owing to the high rate of Cr leaching and the concentrations of ettringite, Friedel's salt and portlandite.
Accelerated carbonation and capsulation effect
To explain the characteristics of the variation in the mineral phase of bottom ash via a carbonation reaction, the XRD diffraction of untreated and carbonated bottom ash with the carbonation reaction time was investigated. The mineral phase of bottom ash obviously changed with carbonation reaction time, as shown in Fig. 4 . The peak of Ca(OH) 2 , of which the solubility equilibrium is close to an alkaline solution in bottom ash, decreased with an increase in the carbonation reaction. Also, ettringite and hydrocalumite detected in untreated bottom ash were found to disappear as the result shown in Fig. 4 . In particular, the decomposition of hydrocalumite occurred rapidly between 30 to 60 min. On the other hand, there was no significant amount of crystalline gypsum (CaSO 4 ) in untreated bottom ash, but it can be identified in carbonated bottom ash after a reaction time 30 min. In the case of calcite (CaCO 3 ), the peak in the carbonated bottom ash increased with an increase in the carbonation reaction. There is no doubt that the amount of calcite increased with the carbonation reaction time. The decompositions of portlandite (eq. (5)), ettringite (eq. (6)) and hydrocalumite (eq. (7)) with carbon dioxide assumed to involve the following chemical reactions:
As shown in Fig. 4 , calcite became the main crystalline phase in the carbonated bottom ash upon the decomposition of portlandite, ettringite and hydrocalumite. However, the rate of increase in the peak is insufficient as compared with the decreasing rates of ettringite and hydrocalumite. This result may be interpreted as suggesting the possibility of the formation of a new, amorphous product which forms due to the dissolution of hydrocalumite and ettringite, though this cannot be detected in the X-ray diffraction diagram. For example, the analytical composition of carbonated bottom ash would be expected such that Al precipitates mainly as amorphous Al-material (Al 2 O 3 ·xH 2 O) and Ca mainly as calcite according to Meima et al. 10) In the case of naturally weathered (meaning naturally carbonated) bottom ash, a gellike precipitate was found consisting mainly of Al, and this precipitate was not detected by XRD although Al-compounds in fresh (or untreated) bottom ash were determined as the major crystalline phases containing Al. 9 ,21) Figure 5 shows scanning electron microscopy observations of untreated and carbonation bottom ash particles, as well as an EDS analysis of the new compound surrounding carbonated bottom ash. This provides evidence of the morphological changes in the particles, in which an irregular porous phase was observed on the surface of the bottom ash particles. As a result, ettringite and hydrocalumite were dissolved and amorphous Almaterial was precipitated in situ as a thin coating around the bottom ash particle in what is termed the encapsulation effect. It was noted that, within the first 30 min, only a few changes occurred on the surface of the particles. After 60 min, the precipitated materials were clearly visible on the surface of the particles and most of them were encapsulated.
Regarding the confirmation of Cr leaching behavior, the Al, Ca, Cl and Cr leaching concentrations as a function of the carbonation time as well as the pH were investigated. Figure 6 shows the leaching concentrations of Al, Ca, Cl and Cr as well as the pH of MSWI bottom ash as a function of the carbonation reaction time. It can be considered that the variation of the pH as a function of time during carbonation reaction has individual stages. During the first stage, the pH value is higher than 11; it is controlled by portlandite, ettringite and hydrocalumite. In the second stage, in which the pH is lower than 11, the pH is controlled mainly by the solubility of calcite, a material formed via the carbonation reaction, and other species. As shown in Fig. 6 (pH) , the pH value fell rapidly to about pH 10.3 after 30 min of carbonation and decreased continuously. In addition, the leaching of Al, Ca and Cl increased rapidly during the initial carbonation time; this explains the decomposition of ettringite and hydrocalumite, as shown in Fig. 4 . Ettringite, a pozzolanic phase that forms in cementitious materials, has been proposed as a viable immobilization mechanism for heavy metal because the heavy metals substitutes in its structure, and the pH of more than 11 provide a favorable formation environment according to Chrysochoou et al. 19) Thus, Cr ions substituted into ettringite were released into the solution during the initial carbonation reaction between 0 to 15 min because they were easily decomposed by CO 2 . However, Cr leaching started to decrease after the 30 min of carbonation, falling to under the initial value, which is identical to the leaching concentration in untreated bottom ash, after 60 min. The mechanism of Cr-stabilization is supported by two findings during the carbonation reaction. First, the carbonation reaction is enough to decrease the pH and to form insoluble Cr-material that contributes to a reduction of the leaching. Secondly, the adsorbent compound in the bottom ash controls the leaching of Cr; the adsorption of amorphous Al-material formed by the carbonation reaction has high affinity of Cr, and the encapsulation effect noted on the surface of the bottom ash particles results in more effective stabilization of the leaching behavior of Cr. These /kg water-to-solid ratio and a particle size <0.15 mm).
assertions may be enough to explain the stabilization of Cr leaching after a carbonation time of 60 min.
Carbonation kinetics
The MSWI bottom ash with a particle size of less than 0.15 mm was carbonated using a 30% CO 2 concentration with a 0.3 dm 3 /kg water-to-solid ratio at different temperatures ranging from 20 to 40°C to examine the effect of the reaction temperature on the accelerated carbonation process. Figure 7 shows that the carbonation rate of the bottom ash increased with an increase in the reaction temperature. However, after a reaction time of 60 min, the reaction under all conditions scarcely materialized. As the carbonation reaction proceeds, amorphous Al-material and CaCO 3 form on the surface of the particles and block the pores. This encapsulation effect prevents the internal diffusion of CO 2 . As shown in Fig. 7 , the reaction rate dropped quickly and the reaction was almost stopped before all of the alkaline mineral compounds contained in the bottom ash were carbonated.
Because the content of hydrocalumite is much higher than those of portlandite and ettringite, the reaction of CO 2 with hydrocalumite predominates and the carbonation process can be simply described by the overall chemical reaction (eq. (7)), which is the focus of this kinetic study. The carbonation mechanism is described as a two-step process, the first step being CO 2 (g) dissolution into water, and the second step being the carbonation reaction between CO 2 (aq) and MSWI bottom ash in an aqueous medium. The dissolution of CO 2 into water is dependent on the temperature, pH and pressure. Assuming that this reaction does not affect the carbonation rate, the accelerated carbonation of MSWI bottom ash can be expressed according to the heterogeneous reaction. The rate of the carbonation reaction between a solid (here the bottom ash particle) and a fluid (here the CO 2 H 2 O solution) can be expressed according to a heterogeneous reaction model. In this study, the experimental data of the carbonation reaction, which was performed under various temperatures, were made to fit the theoretical functions derived from eq. (8):
Here, k is the reaction rate constant (h
¹1
) of the carbonation process and X t is the carbonated fraction vs. time t, which was then calculated as follows:
In this equation, C t is the amount of CO 2 reacted with bottom ash at time t (g/kg) and C ANC represents the value of the acid-neutralizing capacity (ANC) of bottom ash; the ANC potential of bottom ash, in this study, is mainly influenced by the release of Ca and Al materials related to portlandite, ettringite and hydrocalumite. Therefore, C ANC can represent the maximum value of CO 2 reacted with bottom ash. When n = 1, eq. (8) shows the phase-boundary controlled reaction, whereas n = 2, known as the Jander equation, indicates the diffusion-limited reaction, with the rate-controlling step being the diffusion through the product layer. Figure 8 shows the slopes of the experimental curves of ln[1 ¹ (1 ¹ X t ) 1/3 ] n vs. ln t for different reaction temperatures. As shown in the results, the reaction is phase-boundary controlled during the initial carbonation process. As the carbonation time pass, the controlling regime switches to diffusion through productlayer control.
The rate constants k 1 of the phase-boundary control and k 2 of the diffusion reaction control vary with the experimental conditions of the reaction temperature. When MSWI bottom ash is carbonated in CO 2 H 2 O solutions, the rate constant, considered as a function of the reaction temperature, can be expressed by the following equation:
Here, Ea is the activation energy (kJ/mol); R is the ideal gas constant, at 8.314 © 10 ¹3 (kJ/mol K); T is the reaction temperature (K); and k 0 A is a pre-exponential factor. Linear regressions in Figs. 9(a) and 10(a) were used to calculate the k 1 and k 2 values from the slopes. In addition, the slopes of the experimental data in Figs. 9(a) and 10(a) were used to determine the reaction rate constants for various temperatures in both the phase-boundary and the diffusion stages; these data were used for Arrhenius plots, as shown in Figs. 9(b) and 10(b). The calculated values of the activation energies were 13.82 kJ/mol for the phase-boundary reaction and 21.98 kJ/mol for the diffusion reaction. Thus, for the carbonation of MSWI bottom ash with a particle size of <0.15 mm, the kinetics equations were obtained as follows: /kg water-to-solid ratio and a particle size <0.15 mm). 
In addition, the experimental data indicate that about 34 g/kg CO 2 was sequestrated in MSWI bottom ash with a particle size of less than 0.15 mm after a carbonation time of 120 min.
Conclusion
In this study, the effect of accelerated carbonation on the leaching behavior of Cr in municipal-solid-waste incinerator (MSWI) bottom ash and the carbonation kinetics were investigated. The bottom ash mainly has crystalline phases of portlandite, ettringite and hydrocalumite; these materials are clearly decomposed with the carbonation reaction time and upon the release Cr ions in the solution. Therefore, the leaching concentration of Cr in the bottom ash increased according to the initial carbonation reaction. However, the leaching started to decrease after the initial carbonation and fell under the initial value of Cr leaching in the untreated bottom ash. The amorphous Al-material formed by the decomposition of ettringite and hydrocalumite has a significant influence on the leaching characteristics of Cr. The Cr ions become adsorbed on the amorphous Al-material on account of the strong adsorption ability with Cr. In addition, SEM micrographs show evidence of an encapsulation effect, specifically showing that the amorphous Almaterials precipitated on the surface of the carbonated bottom ash particles, thus allowing for more effective stabilization of the leaching behavior of Cr.
The kinetics data pertaining to the accelerated carbonation of MSWI bottom ash with a particle size of less than 0.15 mm were fitted well to theoretical models of the two reaction processes of a phase-boundary controlled reaction and a diffusion-limited reaction through the product layer. As a result, the carbonation reaction was phase-boundary controlled early in the carbonation process. As the carbonation time passed, the controlling regime switched to diffusion through product-layer control. The experimental data indicate that about 34 g/kg CO 2 was sequestrated in MSWI bottom ash with a particle size of >0.15 mm after 120 min of carbonation time and that the calculated value of the activation energies during the phase-boundary controlled reaction and the diffusion-limited reaction were 13.82 and 21.98 kJ/mol, respectively. In addition the rate constants can be expressed as a function of the carbonation reaction temperature as k 1 = 3.97e ¹1660/T and k 2 = 3.65 © 10e ¹2640/T for each theoretical model. 
